creating a common vision for the different stakeholders of how use cases, scenarios, and services were defined. The 5G network is expected to be launched around 2020. The Third Generation Partnership Project (3GPP) started 5G phase 1, working on establishing specifications for a first set of features for the proposed 5G system, with a target completion date of June 2018. The newly identified services stress the importance of reducing communication latency and increasing reliability, throughput, energy efficiency, and other key performance indicators (KPIs).
The current fourth-generation (4G) system techniques for managing radio resources can maximize the quality of service (QoS) to the users but is unable to perform the resource allocation in user categorization or slicing environments [1] . This is because resource allocation in 4G systems is performed by associating a priority to the service requested by the user. For instance, various users may belong to different or the same categories with diverse priorities. Thus, such users should be managed by considering their priorities as well as the priority of the category in which they belong.
As a result, the current 4G approach is suboptimal and cannot fulfill the new demands of the proposed 5G services, which is expected to serve a diverse range of services with different design requirements. Key enablers, such as ultradense small cells with multiple antenna nodes, may be the core system elements necessary to meet the selected, challenging requirements. The utilization of small cells will provide a more scattered connectivity, bypassing the need to route all data through a large (in terms of surface covered) centralized base station (BS). Additionally, in 5G, spectrum management can be enhanced by adding intelligence, achieving a higher and better utilization factor, and introducing real-time spectrum data management.
This article provides an overview of the SAS technology in the 3.5-GHz band to enable more dynamic, secure, and efficient allocation, management, and sharing of spectrum resources. SAS will enhance the performance of wireless broadband networks, optimizing capacity through higher spectrum utilization and ultimately delivering a high-quality experience to the end users. Because the U.S. Federal Communications Commission (FCC) has already provided the SAS system requirements [13] , the wireless community has started work on turning the vision into a functioning reality. We propose an algorithm for satisfying the required quality of certain user categories while also making it possible to increase the overall performance of the system through better allocation of resources to other user categories.
Related Work
There is extensive literature on dynamic resource allocation. For instance, the authors in [2] have developed a super-radio formation algorithm to identify valid super radios, i.e., a set of radios that can coexist on the same channel(s) via Wi-Fi-like carrier-sensing mechanisms. In this sense, they expand the coexistence-aware dynamic channel allocation for 3.5-GHz shared spectrum systems. Also, interference between cells, interference management (intercell interference coordination), and power control approaches are highly important, especially in ultradense heterogeneous environments that change dynamically and with high frequency; these aspects are extensively investigated in [3] - [5] . The authors in [6] claim that cognitive wireless networks enable dynamic access to an underutilized spectrum in the licensed band. This type of network provides higher values for data rates and capacity because users tend to employ data links instead of making voice calls, using enhanced radio access and decision-making techniques. In addition, spectrum efficiency is determined by a variety of parameters, such as successful assessment of channel availability, selection of suitable and short transmission links, and traffic distribution between site access points. The authors in [10] present the implementation of an SAS capable of dynamic frequency assignment and interference management, which is critical for the success of the proposed framework. They also describe the efforts toward a spectrum-sharing system by summarizing the perspectives of different interest groups on the FCC-proposed framework. In addition, they outline an exemplary SAS architecture that accommodates the tiered access to the shared spectrum and suitable approaches to achieve important SAS capabilities. Finally, various applications of this specific framework in the areas of smart grids and armed forces are presented in [11] and [12] , respectively.
Collaborative research funded projects have been focusing on using the available spectrum more effectively. For instance, the authors in [14] , starting with an analysis of the regulator regimes and the available standards from the European Telecommunications Standards Institute (ETSI), propose extensions to the logical blocks of the ETSI-defined architecture for licensed shared access (LSA) and introduce and validate some interesting new allocation algorithms. Even if our work focuses on bands below 6 GHz, important efforts are underway to improve the overall system dynamics by making the new bands available in the millimeter-wave (mm-wave) domain up to 100 GHz. For instance, the authors in [15] 
System Aspects
Centralized management of the cellular system can be expanded with distributed management by moving decisions related to radio access technology (RAT)/spectrum/ channel selection closer to the node level, as depicted in Figure 1 . Specifically, the proposed algorithm initially runs in a distributed manner to limit the excessive signaling of centralized solutions in dense environments. However, in the case where the distributed approach does not provide satisfactory solutions (i.e., not reaching the desired KPI), a centralized approach can be used. Based on the increased demand for the sub-6-GHz spectrum that stems from the new planned services in wireless networks that will cause exponential growth in wireless data traffic, changes must be made to obtain QoS and capacity expansion. Therefore, standards and regulatory bodies are increasingly pursuing policy innovations based on the paradigm of shared spectrum, which allows spectrum bands that are underutilized by primary owners to be exploited opportunistically by secondary devices. Specifically, our algorithmic solutions focus on the SAS in the 3.5-GHz band, which is a technology consisting of the following three-tier model:
Incumbent users are able to use a channel over the user that is at a lower level (PAL or GAA). PAL and GAA users are controlled by the SAS system and must register and check all of their operations to provide a secure and interference-free environment to higher-tier users. The basic rules defined by the FCC [7] are required for the SAS model that must be introduced for the 3.5-GHz band.
Incumbent Access
Incumbent access applies to: The regulations and specifications listed above for the SAS model on the 3.5-GHz band are quite complicated but necessary for the model to work properly; therefore, these rules are implemented in our 5G simulator. This is essential for the evaluation of the proposed solution because it increases the likelihood that the results will be as close as possible to real-life implementation. Finally, the SAS system does not work as a real-time scheduler; it can only instruct as to ceasing transmissions of lower tiers to the area if a higher tier is present and transmitting. Figure 3 presents a chart of the messaging sequence of the proposed algorithm. Initially, the algorithm runs in a distributed way in every cell inside the distributed radio resource management (dRRM) functional block located at every BS. From there, information about several parameters, such as the availability of the RAT/spectrum/channel cells of users, utilized license schemes, and neighboring cell frequency assignments, can be gathered. After the successful selection of a particular channel, the appropriate information and specifications are requested and received from the medium access control (MAC) layer. At the MAC layer, scheduling and interRAT coordination mechanisms are enabled and run if necessary, and information is sent to the dRRM. Then the physical layer is reconfigured to the new selected RAT, band, and channel. Finally, the centralized radio resource management (cRRM) is invoked whenever the dRRM algorithm does not achieve the desired KPIs or the thresholds required for optimal results. Hence, the dRRM sends the available information from all cells to the cRRM, where a centralized channel selection runs to produce the best possible solution. At that time, the MAC is called on to perform the scheduling and interRAT coordination, sending new configuration instructions to all dRRMs. Each BS is able to acquire information about the spectrum bands, channels, and user equipment (UE) and can choose which band is selected at any time by using a licensed or unlicensed channel or by selecting the 3.5-GHz band. Then the SAS mechanism is enabled to provide information about the availability of channels and to select the proper one. In addition, after using a 3.5-GHz channel, the algorithm continues to check for any information about the channel given to a specific tier.
Proposed Algorithm
In particular, the PAL and GAA users may receive instructions to change the channel (or even the band if no channels are available) whenever a higher-tier user needs to use the specific channel. Most importantly, the SAS is not a real-time scheduler, making the proposed algorithm necessary. This provides the appropriate efficiency and effectiveness for faster and better selection of the channels without any consequences to how the system functions.
As a next step, we have designed an extension of the proposed solution to find appropriate resources and allocate them among the different user categories. Specifically, through our tests, we have seen that incumbent users experience higher throughputs and lower latencies than the required throughput/latency. This may lead to worse results for the other categories of PAL and GAA users. Thus, we use a more dynamic approach by taking into account the minimum required throughput of each user category, particularly of the incumbent users that need to achieve a minimum throughput. We also consider that no service degradation should occur for the incumbent, priority users. To achieve this, the algorithm uses as input the required throughput of the incumbent users and proceeds to the optimum allocation of resource blocks (RBs) to achieve the desirable/ required throughput. When assigning the physical resources, we take into account the traffic requirements of the specific user. We acquire the traffic requirements (i.e., throughput the user can achieve) by determining the transmission path loss and shadowing effects to assign the optimum resources.
Having considered these aspects, we implement a resource allocation algorithm where network resources are allocated to maximize the overall quality of all user categories by taking into account their requirements (e.g., required throughput) as well as the priority of each user. In general, the proposed algorithm offers a functionality that helps respect certain QoS requirements of the incumbent, priority users and, at the same time, achieves better overall resource allocation in the system. Figure 4 provides a flow chart of the proposed algorithm.
Evaluation
For the evaluation of the proposed algorithm, systemlevel simulations have been conducted. The implementation of our solution was performed using a proprietary 5G, system-level simulation tool that is fully developed in Java with various capabilities and has been calibrated according to the 3GPP technical report 36.814 [8] . The simulator takes into account various parameters such as traffic level, available infrastructure elements, and available channels and then runs the most-fitting test cases. As a result, the cumulative distribution function of any coupling loss and the downlink To evaluate the proposed algorithm in a heterogeneous system, our simulator can be used with all of the above aspects implemented. Different scenarios and test cases are introduced to the simulation environment and will be further described and analyzed in detail. Additionally, we experiment with various traffic mix situations, specifically the percentage of the different licensed users, to obtain an even broader knowledge of the algorithm capabilities and overall performance for the specific network environment introduced to the simulator.
Initially, our algorithm is deployed to the system-level simulator that uses a number of small and macrocells at 2-and 3.5-GHz bands, respectively, with a number of different channels. Specifically, the parameters imported to the simulator are 19 macro BSs, each with three cells and nine small cells, giving us a total of 171 small cells and 228 small and macrocells throughout the network. In addition, we have used 15 channels at 10-MHz bandwidth for every cell, and ten channels can be assigned to the PAL users, which represents two-thirds of the total channels. The incumbent users are able to use any of the 15 channels and transmit to all of them at the same time, if needed. The GAA users are able to use all of the available spectrum but are permitted to use only 80 of the 150 MHz at each time. Thus, only eight of the available 15 channels can be assigned to the GAA users, but they can choose which channel to use dynamically.
To better assess our algorithm, a number of test cases and scenarios have been created. Tables 1 and 2 present the parameters of the system-level simulation. The test cases in Table 2 are distinguished by the number of sessions simulated per day per user. This is reflected in the overall network traffic (since more sessions per day means increased network traffic), leading to interesting findings with respect to the algorithm performance as more load is introduced in the system.
To evaluate the impact of our proposed algorithm, we assume that incumbent users have a recommended bandwidth for file transfer with the use of file transfer protocol of 20-25 Mb. By setting a minimum quality level for incumbent users, the system achieves better allocation of the spectrum resources to other user categories, such as PAL and GAA. Moreover, even though the same resources have been utilized, meaning no new channels or spectrum resources have been used, the proposed algorithm has achieved a better overall result for the whole system. Figure 5 (a) and (b) shows the impact of dynamic resource allocation among incumbent, PAL, and GAA users (referred to as dynamic implementation) compared to basic implementation (which means the system has fixed provisioning of resources for incumbent, PAL, and GAA users regardless of demand and without taking into account required QoS). Based on the system's load for test cases one to seven as described in Table 2 , the dynamic algorithm managed to perform better than the basic one, at the overall throughput of the system by more efficiently allocating the same amount of resources (spectrum). Specifically, the system has a pool of 15 channels for both basic and dynamic implementation, and the only aspect that changes is the QoS provisioning for the incumbent users based on their needs. For example, when an incumbent user needs to stream highdefinition video, the recommended bandwidth is about 6 Mb/s [9] to achieve flawless streaming without any buffering or pauses in the video. If a user receives a much higher value than the recommended bandwidth for the consumed content, in our dynamic approach, the extra speed (i.e., utilization of resources and RBs) can be given to other user categories.
Conclusions
Throughout this article and evaluation, we provide useful insights into the operation of SAS in 3.5-GHz systems. By satisfying the required quality of certain user categories, it is possible to increase the overall performance of the system by better allocating resources to other user categories.
In future work, to enhance the performance of the system, we plan to investigate how machine-learning principles can be utilized. By leveraging the basic SAS principles, our enhanced algorithm will be able to acquire knowledge about channel utilization, specifically if the band is occupied by incumbent, PAL, or GAA users. In addition, band allocation, duration of usage, recurrence of usage, and location information can be collected to select and change to a specific cell or channel faster and more reliably by predicting the utilization of the 3.5-GHz band of the incumbent and PAL users. With that information, it will be possible to locate the best channel each time. By applying statistical learning techniques it will be easier to automatically identify patterns in data that can be used to make more accurate predictions. Moreover, future work can also include the investigation of potential benefits of the utilization of 3.5 GHz in dense environments for verticals, e.g., smart grids, water systems, health, automotive, and so on. Finally, in the midlong term, the inclusion in the proposed framework of a hybrid optimization of legacy and 5G new radio access, below and above the 6-GHz threshold, especially using machine-learning techniques, will be a necessary step toward a full support of 5G systems and their relevant use cases and scenarios.
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